We isolated hepatocytes from rats chronically fed with ethanol and pair-fed control rats and incubated them both in the presence and absence of 100 mM ethanol in order to analyze the uptake into their lipids of several radiolabeled exogenous substrates. The hepatocytes treated chronically with ethanol showed higher lipogenic activity both in neutral lipids and phospholipids from serine, ethanolamine, glycerol and oleate. The only exception found was in the incorporation of choline into phosphatidylcholine (PC), which was lower in the hepatocytes from ethanol-fed rats than in the controls and was concomitant with a decrease in the PC levels of the ethanol-fed hepatocytes. The results obtained after exposing the cells to 100 mM ethanol in vitro indicate that in general the hepatocytes from ethanol-fed rats exhibit a higher lipogenic activity than the control cells. The only difference in the response to ethanol in vitro was found in the biosynthesis of phosphatidylserine (PS) from serine, which rose significantly in control cells but was unaffected in alcoholic hepatocytes. We put this difference in response down to specific adaptation to ethanol feeding.
Introduction
The chronic administration of ethanol produces marked alterations in lipid metabolism, one of the most significant being the accumulation of lipids within the hepatocytes, resulting in fatty liver or steatosis [1, 2] . Several mechanisms have been proposed to explain ethanolinduced fatty liver. In the early stages of alcoholism these mechanisms are related to ethanol metabolism; alcohol dehydrogenase catalyzes the transformation of ethanol into acetaldehyde, which in turn is converted into acetate by acetaldehyde dehydrogenase activity. Both enzyme reactions generate an excess of reducing equivalents in the liver, mainly in the form of reduced nicotinamide adenine dinucleotide (NADH). If alcohol consumption is chronic, however, the redox change diminishes despite the persistence of fatty liver [3] , suggesting that other mechanisms might be involved in the development of steatosis, such as an increase in substrate supply, glycerol 3-phosphate and fatty acids [4, 5] , an increased phosphatidate phosphohydrolase (PAP) and diacylglycerol acyltransferase activity [6, 7, 8] and a decrease in the export of triacylglycerols (TAG) [9] .
It has also been reported that chronic abuse of alcohol leads to the development of tolerance and dependence. Experimental evidence has shown that ethanol exerts some of its pharmacological effects by modifying the lipid composition of the membranes and consequently altering their fluidity [10, 11] . Thus, it has been postulated that as far as some membranes are concerned an acute dose of ethanol disorders the lipid bilayer while chronic exposure to ethanol produces an increase in the order of the membrane. This latter physical change might be considered as being an adaptative response to the acute disordering effect.
Tolerance to ethanol has been well established in different subcellular membranes but there is little data available concerning adaptive changes at the cellular level despite the fact that the development of tolerance mechanisms towards ethanol is important in determining the pathology of alcoholism. Thus we have studied the effect of chronic ethanol ingestion on the incorporation of radiolabeled lipogenic precursors into neutral lipids and phospholipids in cells isolated from rat liver. We also carried out experiments to investigate how the biosynthetic pathways of these lipids are affected by the adaptive response to ethanol, by determining the incorporation of exogenous substrates into neutral lipids and phospholipids in control and ethanol-treated hepatocytes when incubated both in the presence and absence of 100 mM ethanol. C]choline were purchased from Amersham International (Amersham, Bucks, UK). Fattyacid-free bovine-serum albumin (BSA), collagenase (Type A from Clostridium histolyticum ) and trypsin inhibitor were supplied by Boehringer Mannheim (Barcelona, Spain). Glycerol, oleic acid, L-serine, ethanolamine, choline, L-methionine and t.l.c. plates were from Sigma (Madrid, Spain). Percoll was supplied by Pharmacia (Uppsala, Sweden). All the other reagents used were of analytical grade.
Materials and methods

Materials
Animals
Male Sprague-Dawley rats (150-170 g initial body weight) were fed for 31 days on the Miller et al. [12] liquid diet. In the ethanol liquid diet the caloric contribution of proteins, fats, carbohydrates and ethanol was 23%, 12%, 29% and 36% respectively. A pair-fed group received an isocaloric mixture with maltose-dextrin instead of ethanol.
The rats were housed in a chamber with a 12h light/dark cycle and controlled temperature (25 Њ C). They were starved overnight before the hepatocytes were to be isolated.
Isolation of hepatocytes
The hepatocytes were isolated by a modification of Seglen's perfusion technique [13] using collagenase. After perfusion the liver was transferred to a Petri dish and gently dispersed and filtered through a nylon mesh. The hepatocytes were placed on Percoll (1.08 mg/ml) in a centrifuge tube and centrifuged for 30 min at 30,000 g , the viable cells were collected and washed twice at 50 g for 2 min. Isolated hepatocytes were suspended in Krebs-Henseleit buffer, pH 7.4, supplemented with 1.5% BSA and 10 mM glucose. Their viability, determined by Trypan blue exclusion, was always higher than 90% in all the preparations used.
Incubation of hepatocytes
5 ϫ 10 6 hepatocytes were incubated at 37 Њ C in a shaken water bath (80 oscillations/min) in 2.5 ml of Krebs-Henseleit, pH 7.4, containing 1.5% BSA and 10mM glucose, both in the presence and absence of 100 mM ethanol under an atmosphere of carbogen (95% O 2 :5% CO 2 ). After 150 minutes of incubation the reactions were started by adding 125 nmol of methionine and [1(3)- 
Extraction and analysis of neutral lipids and phospholipids
Lipids were extracted from the cell pellet according to the procedure of Folch et al. [14] . The chloroform layer was dried by evaporation under a stream of nitrogen. The lipid residue was dissolved in chloroform and the different phospholipids were separated on silica-gel 60 G t.l.c. plates, using a mixture of chloroform/methanol/acetic acid/water (60:50:1:4) as solvent. The different neutral lipids were separated on silica-gel 60 t.l.c. plates using a mixture of n-hexane/ethyl ether/acetic acid (70:30:1) as solvent.
The spots corresponding to each compound were visualized by exposing the plates to iodine vapours, then scraped and transferred to scintillation vials to measure the radioactivity with a Beckman 6000-TA liquid scintillation counter.
The levels of individual phospholipids were quantified by Bartlett's method [15] in control and ethanol-treated hepatocytes. Total and free cholesterol, and TAG contents were determined by enzyme colorimetry, using Test Cholesterol and Test Combination Free Cholesterol, and Test Combination Triglyceride respectively.
The results are expressed as means Ϯ S.E.M., as indicated in the legends to the tables. Statistical significance was determined by Student's t test, taking a value of P Ͻ 0.05 to be significant.
Results and discussion
All the evidence indicates that chronic ethanol ingestion causes profound structural, compositional and functional alterations to cells, subcellular organelles and membranes [16] [17] [18] , although we still do not understand the precise pattern of molecular modification nor exactly how the cell mechanism is altered. Furthermore, despite the fact that it is widely shown in vitro that the consumption of ethanol gives rise to membranes resistant to its disordering effect [19, 20] , there is little information available concerning adaptative mechanisms to ethanol at cell level. For this reason we have examined the possible adaptative metabolic changes to ethanol by incubating hepatocytes from control and ethanol-treated rats in the presence and absence of 100 mM ethanol, analyzing the individual steps of the biosynthesis of neutral lipids and phospholipids. We used different radiolabeled exogenous precursors to explore how ethanol interferes in the different steps of both biosynthetic pathways. The polar bases serine, ethanolamine and choline can be incorporated mainly into the head-polar group of phospholipids while glycerol and oleate can be incorporated into the apolar moieties of both TAG and phospholipids.
Firstly we analyzed the effects of alcohol consumption on the levels of neutral lipids and phospholipids (Table 1) . Our results indicate that chronic treatment enhances TAG levels while drastically reducing the concentration of total cholesterol in isolated hepatocytes. This reduction is due to a decrease in free cholesterol levels because the quantity of esterified cholesterol is unchanged in hepatocytes isolated from alcoholic rats compared to those of the controls. As far as phospholipid levels are concerned, in accordance with what we [21] and others authors [22, 23] have reported, chronic ethanol ingestion significantly decreases PC levels without altering the concentration of other phospholipids in the hepatocyte.
Serine is taken up into PS by a base-exchange reaction catalyzed by microsomal PS synthase. An analysis of the incorporation of this exogenous substrate into PS (Table 2) demonstrates that biosynthetic activity is significantly higher in hepatocytes treated chronically with ethanol, the level of radioactivity associated to this phospholipid being almost double that of the controls. We have described this effect of chronic ethanol on serine metabolism in previous publications, where we have suggested that the increase of cytosolic fatty acids, caused by the metabolism of ethanol, may enhace PS synthase activity [21] . Since alcoholics are continuously exposed to ethanol we considered essential to analyze any possible differential response to ethanol in vitro between hepatocytes isolated from ethanol-fed rats and controls. Values are expressed as means Ϯ S.E.M. for six determinations. Statistical significance of differences between alcoholic and control rats are indicated by *: * P Յ 0.05; ** P Յ 0.01.
The addition of 100 mM ethanol to the incubation medium markedly increased the incorporation of serine into PS in the control cells while in chronic ethanol-treated hepatocytes the radioactivity in PS remained unaltered after exposure to ethanol in vitro ( Table 2 ). Since PS synthase is a membrane-bound enzyme and membranes are the main target of ethanol this differential action indicates that chronic ethanol ingestion alters the membranes, thus producing cells that are resistant to re-exposure to ethanol in vitro. This phenomenon of cell adaptation to ethanol, known as tolerance, has been previously demonstrated for other activities in our [16] and other laboratories [24] .
Ethanolamine is taken up via CDP-derivatives into phosphatidylethanolamine (PE), which can be methylated in the microsomes to give PC, thus we analyzed the incorporation of ethanolamine into both phospholipids. Table 2 shows that hepatocytes isolated from alcoholic rats are much more ready to incorporate this polar base into both PE and PC. However, the PE/PC ratio, which can be used as an index of methylation activity, is similar in value in control and ethanol-fed rats, showing that the increase in the radioactivity in PC from exogenous ethanolamine is due to the higher label associated to PE, which is the substrate for the methylation reaction. Further incubation of cells with 100 mM ethanol increases significantly the incorporation of exogenous ethanolamine into PE both in control and ethanol-treated hepatocytes, while the methylation of PE to give PC was not affected by ethanol in vitro. As far as the uptake of choline is concerned, the level of radioactivity in the PC in ethanol-treated hepatocytes was markedly lower than in the controls. This lower PC synthesis is consistent with the decrease in PC levels found in our study and those of other authors who have also found a decrease in PC synthesis in the livers of chronically-treated rats [22, 25] . In spite of the fall in PC synthetic activity after chronic ethanol feeding, when the cells were incubated in vitro in the presence of alcohol we observed a significant increase in the incorporation of choline into PC in both the ethanol-treated and control hepatocytes. Our data indicate that, contrary to what we observed with serine uptake, the changes induced by chronic ethanol ingestion on the PC and PE biosynthesis pathways do not allow the cell to show any mechanism of resistance to ethanol in vitro.
[1 (3) 3 H]glycerol is used as an exogenous precursor to be incorporated into phosphatidic acid (PA), which is dephosphorylated into diacylglycerol (DAG). DAG is an important molecule in the cell-signalling, as well as in the metabolism of glycerolipids, acting as a common precursor for the synthesis of TAG and the phospholipids PC and PE. In hepatocytes obtained from ethanol-treated rats glycerol was taken up into TAG and DAG more readily than into control hepatocytes (Table 3) , especially into the TAG fraction, which increased more than 16 fold compared to 7 fold in the DAG fraction. It can also be seen in Table 3 that after chronic ethanol consumption the rate at which glycerol was incorporated into PC and phosphatidylinositol (PI) also clearly increased, while the radioactive label of PE showed no significant alteration. It is interesting to note that in the control hepatocytes about 70% of the total radioactivity incorporated into lipids from glycerol was found in phospholipids while in alcoholic hepatocytes this percentage decreased by up to 19%. Thus, chronic treatment with ethanol altered the flux of labeled glycerol into phospholipids and TAG, stimulating preferentially the transformation of DAG into TAG when compared with phospholipids. This effect is probably due to an increase in the activity of DAG acyltransferase relative to the other DAG-using enzymes synthesizing PC and PE. These results agree satisfactorily with the high increase in hepatic TAG levels found in this and other studies in alcoholic rats [26] and humans [1, 27] .
The result of oleate uptake into lipids is shown in Table 4 , where it can be seen that the incorporation of this exogenous substrate is clearly more substantial than that of labeled glycerol. Once more, a higher incorporation of radiolabeled precursor was found in both neutral lipids and phospholipids in ethanol-treated hepatocytes, and furthermore, uptake into neutral lipids prevailed over that into phospholipids both in the chronically treated and control hepatocytes.
As far as the uptake of both substrates, glycerol or oleate, into the individual phospholipids is concerned, it is interesting that chronic ethanol ingestion enhances the incorporation of radioactivity into PC, PE and PI. All these phospholipids share common metabolic intermediates: PI is synthesized from PA while PE and PC are mainly produced via CDP-derivatives from DAG, generated after the hydrolysis of PA by PAP activity. Thus our results suggest that the enhancement in the radioactivity in all the phospholipids observed in ethanol-fed hepatocytes is secondary to an increase in the de novo biosynthesis of PA, produced as a consequence of the alteration in the hepatocellular redox state resulting from the oxidation of alcohol [1, 27] . It is noteworthy however that the increase in uptake of glycerol and oleate into PI is markedly lower than that found in TAG or PC, suggesting that chronic alcohol ingestion favours the use of PA for the synthesis of these lipids. This might be explained in terms of an activation in PAP. Other authors have in fact described an increase in PAP activity associated with the chronic administration of ethanol [8, 28] . Regarding the synthesis of esterified cholesterol from oleate, the results set out in Table 4 show that the levels of radioactivity from oleate in the hepatocytes of rats fed with ethanol were 70% higher than in those of the controls. These results agree with those of other authors in rat liver [29] and chicken liver [30] , where chronic alcohol administration was reported to increase the activity of acyl CoA:cholesterol acyltransferase (ACAT), the microsomal enzyme responsible for the esterification of cholesterol. This enzyme acylates endogenous free cholesterol and thus an increase in its activity may merely reflect greater substrate availability. Since the level of free cholesterol is significantly reduced after ethanol ingestion (Table  1) , we suggest that the increase in enzyme activity must be related to the alterations caused to the microsomal membrane by alcohol, which could in turn affect ACAT activity. The addition of 100 mM ethanol to the incubation medium reduced the incorporation of this fatty acid into cholesterol oleate significantly in both ethanol and pair-fed rats. Thus incubating the cells in the presence of alcohol decreased the synthesis of esterified cholesterol by about 25%, demonstrating that the cell responds to the presence of ethanol in vitro by decreasing ACAT activ- ity. Nevertheless, due to the opposing effects upon ACAT activity produced by chronic and in vitro exposure to ethanol, the amount of esterified cholesterol in the cell remains unaltered after chronic ethanol feeding. Both the neutral lipids and phospholipids of the hepatocytes isolated from the ethanol-fed rats and the controls when incubated in vitro with ethanol showed a greater readiness to incorporate glycerol and oleate (Tables 3 and 4) , although the uptake into neutral lipids was much higher in the hepatocytes of ethanol-fed animals than those of the controls. These data are of a special interest in our study since they demonstrate that lipogenic activity in hepatocytes isolated from alcoholic rats and then exposed to ethanol in vitro is higher than that in the controls. This effect seems to be quite specific, affecting as it does only the biosynthesis of neutral lipids, since the increase in the label of phospholipids was similar in the hepatocytes isolated from ethanol-fed rats to those from the controls. These results contrast with those of other authors who have indicated that when ethanol administration is prolonged, an adaptative change occurs that can lead to a reduction in the stimulation of neutral-lipid synthesis by ethanol [31] . As far as our results are concerned, it must be born in mind that the oxidation of ethanol in vivo takes place in the liver and that the first step of this process is mediated by cytosolic ADH, which has a very low Km for ethanol [5] . In addition, another pathway (MEOS) becomes active at the very high blood ethanol concentrations, as these reached in vitro in the present study. MEOS has been shown to be induced in the liver by chronic ethanol consumption in humans and rats [32, 33] . The principal factor for the induction of MEOS seems to be cytochrome P450 IIE1, the level of which increases about 4-to 10-fold after chronic ethanol consumption [34] . In fact chronic ethanol treatment causes a proliferation of microsomal membranes and thence animals chronically intoxicated with ethanol may well be more capable of metabolizing ethanol via MEOS. Moreover, as we have described above, treatment with alcohol activates several enzymes involved in the de novo biosynthesis of DAG and TAG, thus rendering the hepatocytes more capable of metabolizing these lipogenic substrates in the presence of ethanol in vitro. There is no doubt in our minds that this effect is involved in the development of fatty liver and the hepatic pathologies of chronic alcoholism.
